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ABSTRACT

The paper discussé®e method®f analysisfor determining the response of

foundations subjected to vibratory loads. The design of a machine foundation is
generally made by idealizing the foundatignil system as spriagiassi dashpot

model havingone o two degreesf freedom. Most machine foundations are

treded as surface footingwd the soil spring and damping values are determined using
the elastiehalf spaceanalog The spring and damping values for response of embedded
foundations can also be determinechirthe elastic half space concept as per Névak
work. The soil spring and damping values can also be obtained following the impedance
T compliancefunction approachlhe paper also presents a brief discussion of the
predicted and observed responsentdchine foundations .

INTRODUCTION

Machine foundations require a special consideration because they transmit
dynamic loads to soil in addition to static loads due to weight of foundation, machine and
accessories. The dynamic load due to operation ofnthehine is generally small
compared to the static weight of machine and the supporting foundatiammachine
foundationthe dynamic load is applied repetitively over a vespd period of time but its
magnitude is small and therefore the soil behavgressentiallyelastic, or else
deformation will increase with each cyclé loading andmay become unacceptable.
The amplitude of vibration of a machine at its operating frequency is the most important
parameter to be determined in designing a maclioedation, in addition to the natural
frequency of a machine foundation soil system.

There are many types of machines that generate different periodic forces. The
most important categories are:

1. Reciprocating machine$he machineshat produce periodicribalanced forcg(such
assteamengines) belong to this category. The operating speeds of such machines are
usually less than 600r/min. For analysis of their foundations, the unbalanced forces
can be considered to vary ssoidally.

2. Impact machines:These machines produce impact loads, for instance, forging
hammers. Their speeds of operation usuadlyy from60 to 150 blows per minute.
Their dynamic loads attain a peak in a very short interval and then practically die out.

3. Rotary machines: Higepeed machkes liketurbogenerator®r rotary compressors
may have speeds of more than 3,000r/min and ug,@Dar/min.
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A suitable foundation is selected, depending upon the type of maclkioe
compressors and reciprocating machines, a block foundatiagensraly provided
(Fig.1a). Such a foundation consists of a pedestal resting on a footing. If two or more
machines of similatype are to be installed in a shop, these can profitably be mounted on
one continuous mat.

A block foundation has a large mass and, tloeeg a smaller natural frequency.
However, if a relatively lighter foundation @esired a box or a caisson tygeundation
may be provided(Fig.1b) The mass of the foundation is reduced and its natural
frequency increase Hammers may also be mounted block foundations, but their
detais would be quite different than tho&® reciprocating machines

Steam turbines have complex foundations that may consist of a systemof wall
columns beans and slabs. (Fig.1c) Each element of such a foundation wtively
flexible ascomparedto a rigid block and box or a caisstype foundation.

The analysis of a block foundationreslatively simple as compared socomplex
foundation. There are several methods of analysis for both the block and the complex
foundations. The criteria for designing machine foundations shall be discussed first
followed by the methods of analysis.
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(a) Block type foundation (b) Box or caisson type foundation
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Figure 1 Types of Machine Foundations (a) Block foundatig@msBox or caisson
foundations(c) Complex foundations

CRITERIA FOR DESIGN

A machine foundation should meet the following conditifrssatisfactoryperformance
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Satic loads

1.
2.

It should be safe against shear failure
It should not settle excessively

Theserequirements are similar tbosefor all otherfoundations.
Dynamicloads

1.

There should be no resonance; that is, the natural frequency of the machine
foundationsoil system should not coincide with the operating frequency of the
machine. In fact, a zone of resonance is generally defined and the natural frequency
of the ystem must lie outside this zon&he foundation is high tuned when its
fundamental frequency is greater than the operating speed or low tuned when its
fundamental frequency is lower than the operating speed. This concept of a high or
low tuned foundatiors illustrated in Fig..2.

The amplitudes of motion at operating frequencies should not exceed the limiting
amplitudes, whiclaregenerally specified by machine manufacturers. If the computed
amplitude is within tolerable limits, biithe computed naturaldquency is close to the
operating frequencyt is important that this situation be avoided.

The natural frequency of the foundatiosoil system should not be whole number
multiple of the operating frequency of the machine to avoid resonance with tieg hig
harmonics.

The vibrations must not be annoying to the persons working ishibyes odamaging

to the other precision machines. The nature of vibrations that are perceptible,
annoying, or harmful depends upon the frequency of the vibrations and theidenp

of motion.

The geometrical layout of the foundation may also be influenced by the operational
requirements of the machine. The failure condition of a machine foundation is reached
when its motion exceeds a limiting value which ntebased on accetation , velocity

or amplitude. .Richart (1962) defined the failure criteria in terms of limiting
displacement amplitudes at a given frequefidye limiting or permissible amplitudes can

be established from Fig. 3 (Blake, 1964ho also introduced theoncept of service
factor.
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Figure 3. Limiting amplitudes of vibrations fa particular frequency.
(Blake 1964)

Criterion for vibration of rotating machinery. Explanation of classes
AA Dangerous. Shut it down now to avoid danger

Failure is near. Correct within two days to avoid breakdown.

Faulty. correct it within 10 days to save maintenance dollars.

Minor faults. Correction wastes dollars.

No falts. Typical new equipment

O 0Ow>

This is guide to aid judgment, not to replace it. Use common sense. Take account of all
local circumstances. Consider: safety, labor costs, downtime costs. (after Blake, 1964.)
Reproduced with permission from Hydrocarbon Pssoey, January 1964.

The service factor indicates the importance of a machine in an installation. Typical values
of service factors are listed in Tablel. Using the concept of service factor, the criteria
given in Fig. 3 can be used to define vibrationits for different classes of machines.

Also, with the introduction of the service factor, Fig. 3 can be used to evaluate the
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performance of a wide variety of machines. The concept of service factor is explained by
the following examples.

A centrifugehas a 0.01 in (0.250 mm) double amplitude at 750 rpm. The value of the
service factor from Table 1 is 2, and the effective vibration therefore is 2X 0.01 = 0.02 in
(0.50 mm). This point falls in Class A in Fig. 3he vibrations, therefore, are excessiv
and failure is imminent unleske corrective steps are takemmediately. Another
example is that of a linkuspended centrifuggperating at 1250 rpm that 18a80.30 in
(0.075mm) amplitude with the basket empty. The service factor isf@d3he etctive
vibration is0.00090 in(0.0225mm). This point falls in class C (Fig. 3) and indicates only
minor fault.
General information for the operation of rotary machines is given in Table 2 (Baxter and
Bernhard 1967).
These limits are based on peaKocity criteria alone and are represed by straight
lines in Fig. 3

Tablel. Srvice Factorsa

Singlestage centrifugal pump, electric 1
motor, fan

Typical chemical processing equipment, |1
noncritical

Turbine, turbogenerator, centrifugal 1.6
compressr

Centrifuge, stiffshaftb; multistage 2

centrifugal pump
Miscellaneous equipment, characteristics | 2

unknown

Centrifuge, shafsuspended, on shaft near | 0.5
basket

Centrifuge, linksuspended, slung 0.3

a Effective vibration measured singlamgitude vibration, in inches multiplied by the service factor. Machine tools
are excluded. Values are for bokgdwn equipment; when not bolted, multiply the service factor by 0.4 and use the
product as the service fact@aution: Vibration is measuredn the bearing housing except, as stated.

b Horizontal displacement basket housing

Table2. GeneralMachinery i Vibration Severity Criteria (Baxter and Bernhart, 1967)

Horizontal Peak Velocity Machine Opeation
(in/sec)

<0.005 Extremely smooth
0.0050.010 Very smooth
0.0100.020 Smooth
0.02G60.040 Very good
0.0400.080 Good
0.0800.160 Fair
0.16060.315 Slightly rough
0.3150.630 Rough

>0.630 Very rough
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DEGREES OF FREEDOM OF A RIGID BLOCK FOUNDATION

A typical concreteblock is regarded as rigigs comparedo the soil over which it rests.
Therefore, it may be assumed that it undergoes only-bigdy displacenas and
rotations Under the action of unbalanced forces, the rigid block may thus undergo
displacements and oscillations as follows (Fig. 4)

trandation alongZ axis
translationalongX axis
translationalongy axis
rotation abou¥ axis
rotation abouk axis
rotation abouly axis

oA LNE

Any rigid-body displacement of the block can be resolved into these six
independent displacements. Hence, the rigid block has six degrees of freedom and six
natural frequencies.

Of six types of motion, translation along the ¥saand rotation about the Z axis
can occur independdntof any other motion. However, translation about the X axis (or Y
axis) and rotation about the Y axis (or X axis) are coupled motions. Therefore, in the
analysis of a block, we have to concern oweelwith four types of motions. Two
motions are independent and two are coupled. For determination of the natural
frequencies, in coupled modes, the natural frequencies of the system in pure translation
and pure rocking need to be determined. Also, thestaf stress below the block in all
four modesof vibrations are quite different. Therefore, the correspondingspoihg
constants need to be defined before any analysis of the foundations can be undertaken.
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Figure 4.Modes of vibrabn of a rigid blak foundation

INFORMATION NEEDED FOR DESIGN

The following information is required and must be obtained for design of a
machine foundatian

Static weight of the machine and accessories.

Magnitude and characteristics of dynamic loads imposed by the meacperation

and their point of application

3. The soil profile of the site and dynamic soil properties such as dynamic shear
modulus and damping

4. Trial dimensions of the foundatioiihese are generally supplied by the manufacturer.
This will give thetotal static weight.

5. An acceptable method of analysis i.e., a mathematical model to determine the
response othe foundatiorsoil system

6. A criteria for adequate design

Al

The above items are briefly discussed below:

Dynamic LoadsThe information on dynamic loadsicamoments may be available from

the manufacturer of the machine. It may be possible to determine the dynamic loads and
moments for design of a machine foundation in some simple cases such as for the case of
reciprocating and rotary machines.

SOIL PROFILE AND DYNAMIC SOIL PROPERTIES
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Satisfactory design o& machinefoundation needsiformation on il profile, depth of
different layers, physical properties of soil and ground water.l@Ve$ information can

be obtained by usual stdorface exploration tdniques. In additigrone must determine
dynamic shear modud, materialdamping, poisons ratio and mass density of soil for
dynamic analysis of the machine foundatiddynamic shear modulus of a soil is
generally determined from laboratory or field tedtsterial damping can be determined
from vibrationtests on soil columns in the laboratory. The values of dynamic shear
moduli and damping may be estimated from empirical estimationsprfeliminary
design purposes. Geometrical damping is estimated &lastic hakspace theory and
appropriate analog®etailed discussion of determination of dynamic soil properties and
interpretation of test is beyond the scope of this paper and a reference may be made to
Prakash (1981) and Prakash and Puri (1981, 1988)

TRIAL DIMENSIONS OF THE FOUNDATION

The trial dimensions of the machine foundation are selected based on the requirements of
the manufacturer, the machine shop and the machine performance and experience of the
desigier. These trial dimensions of the foatidn are only the first step in the design and

may need alteratiorftar the analysis.

METHODS OF ANALYSIS

The analysis of machine foundation is usually performed by idealizing it as a simple
system as explained here. Figirshows a schematic skatof a rigid concrete block
resting on the ground surface and supporting a machine. Let us assume that the operation
of the machine produces a vertical unbalanced force which passes through the combined
centre of gravity of the machirfeundation system. kber this condition, the foundation

will vibrate only in the vertical direction about its mean position of static equilibrium.
The vibration of the foundation results in transmission of waves through the soil. These

waves carry energy with them. Thislas§ ener gy is termed O0geomet
soil below the footing experiences cyclic deformations and absorbs some energy which is
termed &6dmateri al dampi ngbo. The materi al danm

geometrical damping and may be negelctn most cases. However, material damping
may also become important in some cases of machine foundation vibrations.

The problem of a rigid block foundation resting on the ground surf&ag, 5a)
may therefore be represented in a reasonable manneismyng massdashpot system
shown in Fig.5b. The spring in this figure is the equivalent soil spring which represents
the elastic resistance of the soil below the base of the foundation. The dashpot represents
the energy loss or the damping effect. The sriag-ig. 5b is the mass of the foundation
block and the machine. If damping is neglected, a spriags system shown in Fig. 5c
may be used to represent the problem defined in Fig. 5a. Single degree of freedom
models shown in Fig. b and ¢ may in fact besed to represent the problem of machine
foundation vibration in any mode of vibration if appropriate values of equivalent soil
spring and dampingonstantsare used. For coupled modes of vibratias for combined
rocking andsliding, two degre®f-freecom modelis used as discussed later i traper.
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Figure 5. Vertical Vibrations of a Machine Foundation (a) Actgake,(b) Equivalent
model with damping (c) Model without damping

All foundations in practice are pkat at a certain depth below the ground surface.
As a result of this embedment, the soil resistance to vibration develops not only below the
base of the foundation but also along the embedded portion of the sides of the foundation.
Similarly the energy losslue to radiation damping will occur not only below the
foundation base but also along the sides of the foundation. The type of models shown in
Fig. 5 b and ¢ may be used to calculate the response of embedded foundations if the
equivalent soil springral damping values are suitably modifiey taking into account
the behavior of the soil below the base and on the sides of the foundation.

Several methods are available for analysis of vibratlmaracteristics of machine
foundations. The commonly used methads

1 Linear elastic spring method,
2 Hastic haltspaceanalogsmethod, and
3 The impedance function method.

1. The Linear Elastic Spring method (Barkan, 1962) treats the problem of
foundation vibratioa as spring mass model , neglecting damgiin the soil. The soll
damping can be included if desired.

2. TheElastic Half SpaceAnalogs:The elastic half space theory can be used to
determine the valuesf equivalent soil springs and dampitiggn make use of theory of
vibrations to determin¢he response of the foundatioml hese are known as
el astic half space anal ogs 6. They can be
foundationslt may be mentioned here that the equivalent soil spring and damping values
depend upon thg
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(i) typeof sal and its properties,
(i) geometry and layout of the foundation, and
(i) nature of the foundation vibrations occasioned by unbalanced dynamic loads

3. The Impedance Function Method: They also provide vales of soil spring and damping
for suface and embedded foundations.

The solutions based on the elastic half space analog are commonly used for machine
foundation design and are discussed first followed by the impedance function method.
Elastic-half T space-analogs

Surface Foundations

Vertical vibrations: The problem of vertical vibrations is idealized as a single degree

freedom system with damping as shown in Fig. 13.15b. Hsieh (1962) and Lysmer and
Richat (1966) have provided solution The equation of vibration:is

mZ +

2
341, G2+ 4Gr°$: P, sinwt 1
-v q-v

Wherer, = radius of the foundatiofi-or noncircular foundationsappropriate
equivalent radius may hesed,see Eg. 40-42).

The equivalent spring for vertical vibrations is given by

3 4Gr,

k,
1-v

And the dampingc, is given by

c _3.4r0 \/E 3

2 1-v
The damping constant for vertical vibratiofigis given by

0.425
, = — 4
4 B
In which B, is known as the modified masatio, given by
B, =t V. m 5
4 prg
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The undamped natural frequency of vertical vibrations may now be obtained usirtgy Eqs.
and 7.

k
@y =+ — 6
m
I']Z:i & 7
2r\m

In which @, = the circuér natural frequency (undamped) of the soil foundation system
in vertical vibration (rad/sec) arig,= natural frequency of vertical vibrations (Hz).

The amplitude of vertical vibration is obtained as:

P P
Y4 Y4 8

A = = > 1/2
kZ\/!_rZE—i_ Qé:zrf kz II_ w/wnzfi—'_ nga)/a)nzf
Sliding vibrations

The equation of the analog for sliding(i5g. 6)

mX+c, X+ Kk, x = P, sinot 9

PSi n
m sz<i_n, m W
O O O

Soil stiffness Cx
and damping

a

Figure 6. Sliding Vibrations of a Rigid Block (a) Actual case Hgjuivalent model

Hall (1967) defined the modified mastio for sliding as:

=& m 10
323-v pr,
where = radius of the foundation
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The expressions for the equivalent spring and damping factors are as follows:
The equivalent spring

k =2V, 11
7—8v
And the equivalent damping
1843-v ,
o 7-8v ° -

The damping rati@, is given by

13

o =.]-= 1l4a

nx:i & 14b
27\ m

In which ¥, = the circular natural frequency (undamped) in sliding vibrations faywl
natural frequencyf sliding vibrations (Hz).

The damped amplitude in sliding is obtained as:

A - i 15

(o)) =2

Rocking VibrationsA rigid block foundation undergoing rocking vibrations due to an
exciting momentM , sinetis shownin Fig. 7.

Hall (1967) proposed an equivalent magsingdashpot model that can be used to
determine the natural frequency and amplitude of vibratioa agjid circular footing
resting on an elastic hatpace and undgoing rocking vibrations (Fid@). The equivalent
model is given in equatiorél

M o +C,6 + K, = M sinot 16
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In which k,= spring constant for rocking,= damping constant and = mass

moment of inertia of the foundation and machine about theadxistation through the
base.

M_ =M_+ml 17
Where M ,= massmoment of inertia of foundation and machine about an axis passing
through the centroid of the system and parallel to the axis of rotation and L = the height
of the centroid above the base
The termsk, andc,can be obtaineds follows:

3
k¢ _ 8Gr, i} 18
34-v_
4
And ) _ 08, JGp 19
-V 1+B,

in which ry, = radius
B, in Eg. 19is known as the modified inertia ratwhich obtainedas follows:

:31—V~|\/|mo 20

Initial position

Displaced position

—— X

n

Figure 7. Rocking vibrations of a rigid block under excitation due to an applied moment
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The damping factot ,is given by

C 0.15
§¢ =2

C¢C: ’+B¢:/E¢

The undamped natural frequency of rocking

K,
@y = M rad/sec 22

Damped amplitude of rocking vibrations, is given by Eq. 2

21

My
A, = 23

Je
’ (a)nqj J ’ @y

Torsional vibrations A block foundation undergoing torsial vibrations is shown in
Fig.8. Nonruniform shearing redignce is mobilized during such vibrations. The analog
solution for torsional vibrations is provided by Richetral, (1970).

4 .
L (a) Isometeric view

St

(b) Plan
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Figure 8. Torsional vibrations of rigid block: (a) Block subjected to horizontal moment.
(b) Development of nonuniform sheatdwe the base

The equation of motion is

" T j wt

M 7 +C ¥ +K,py=M,e 24
In which M, = mass moment of inertia of the machine and foundaimut the vertical
axis of rotation (polar mass moment of inertia). The spring conkfzand the damping
constantc,, are given by (Richarand Whitman, 1967):

3

kl// - EGI‘O 25
1.6r"

c = ro Gp 26
4 1+B

wherer, (r,,) = equivalent radius

The undamped natural frequeney,, of the torsional vibrations is given by

kt//
®,, = rad/sec 27

mz

The amplitude of vibratiorA, is given by

A, = 2 28

In which the damping ratid , is given by

& -0 29
7 4+2B,
The modified inertia ratid3, is given by
M
B, =—7% 30
Pl
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Combined rocking and sliding he problem otombined rocking and sliding shown
schematically in Fig9. The equations of motiorr@written as:

mX+c, X+ Kk, X— |_CX¢Z'_ LK, ¢ = Pxeiwt 31
Mm%—l- d¢+L2CxLE+ l¢+|_2kxé_|_cx)'{_|_kxxzMyeiwt 30
The undamped natural frequencies for this case can be obtained fr@3 Eq.
O + O, kol
a):_ nx ng &)E-i— nx ngj:O 13
4 Y
In which
M
Ve 34
7/ M mo
Z
P, (1)
~ 1
Initial position ) ‘_"‘\\“‘
M, (1) N~

(‘h\ »;_7 Displaced position

P.t)
L 7 X
vy W

i

’ e

Figure 9. Block subjectedb the action of simultaneous verticag{tf, horizontal R(t)
forces and moment )

The damping in rocking and sliding modes will be different. Prakash and Puri (1988)
developed equations for determination of vibration amplitudes for this Basaped

amplitudes of rocking and sliding occasioned by an exciting momgrgan be obtained
as follows:
2 v 172

M *) + &£ 0.0 2L
— y nx __ X nx _ 356
A=W A®%

m
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M *) 5 12
nx a) xa)nxa) 36

A&)Z

The value ofA #° is obtainedfomEq. 38

2
2
0t — 2 (0n¢+a) 4‘§§¢ @ ng _l_wnxa)nqj
¥ 4 4

é 2 1/2
.0 - ., .0
+ ) nx naj_a)Z’_l_ $ng &)jx_a)z

4 4

Damped amplitudes of rocking and sliding occasioned by a horizontal Ryere given
by Eqs.Band ®

1/2
b | 1M7Lk, T 40" &, kM L, flom

A®°

(T

37

_ 38
A mM,, A®?
And
2 2 %
A = ;La) @ A+42§a) 39
)

m

In case the footing is subjected to the actiom ofoment and a horizontédrce,
the resulting amplitudes of sliding and rocking may be obtained by adding the
corresponding solutions from E®S, 36, 3and 3.

Effect of shape of the foundatiam its response The solutions from the elastic half
spacetheory were developed for a rigid circular footing. The vibratory response fer non
circular foundationgmay beobtainedusingthe concepbf equivalent circular footing.
The equivalent radius of the foundatitor different modes of vibration is not tharae.

For vertical and slidingibrations:

1/2
ab
ro =T, =Ty = [—j 40
T
For rocking vibrations
1/4
ba’®
r0¢ - ro - (Q] 41
Special Issue, ApriMay 2006 18

Of the Journal of Structural Engineering,
SERC, Madras



For torsional vibrations

2 2‘1/4
fow=r0=(aba6+b 42
JT

Foundations on elastic layefhe elastic haipace solution ibased on the assumption

of a homogenous soil deposit. In practice soilslayered media with each layer having
different characteristics. An underlying rock below a soil layer may cause large
magnification of amplitude of vibration because of its abtlityeflect wave energy back

into the soil supporting the foundation. Special care should be taken during design to
overcome this effect.

Embedded Foundations

The embedment of the foundation results in an increased contact between the soil
and the eertical faces of the foundation. This results in increaswbilization of soll
reactions which now develop not only below the base of the foundation but also along the
vertical sides of the foundation in contact with the soil. The overall stiffness offered by
the soil therefore increases. Similarly, more energy is carried away by the waves which
now originate not only from the base of the foundation but also from the vertical faces of
the foundation in contact with the soil. This results in an increased gecahdamping.

The elastic halbpace methoébr calculating the response of embedded foundations was
developed by Novak and Beredugo (1971, 1972), Beredugo (1976), Novak and Beredugo
(1972)and Novak and Sachs (1973) by extending the earlier solutionrah®a (1967).

The solution is based upon the following assumptions:

1) The footing is rigid.

2) The footing is cylindrical.

3) The base of the footing rests on the surface of a-sdmite elastic halfspace.

4) The soil reactions at the base are independent afepin of embedment.

5) The soil reactions on the side are produced by an independent elastidyilager
above the level of the footing base.

6) The bond between the sides of the footing and the soil is perfect.

Based on the above assumptions, the expressmnequivalent spring and damping

values for different modes of vibrations were obtained. The soil properties below the base

of foundation were defined in terms of the shear modGius Poi s swvandthe r at i o
mass density of the sail. The propertiesf the soil on the sides of the foundation were

similarly defined in terms of shear modulss, t he Poivasdoteodonassr at i o
densityp, . The values of equivalent springdadamping for vertical, sliding, rocking and

torsional modes of vibrations were then obtained. Thaegadf spring and damping were
found to be frequencylependent. However, it was found that within the range of
practical interest, the equivalent springdadamping may be assumed to be frequency
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independent. This range was defined using a dimensional frequency, rafitne
dimensionafrequencyratio is defined as:

a, = it 43
VS
in which o = opeating speed of the machine in rad/sec.

The values of equivalent frequenirydependent springand dampingfor the
embedded foundation for the vertical, sliding, rocking and torsional maréegiven in
the Tables3 and 4. The vibratory responsef the fourdation may then be calculated
using the appropriate equatioas for the elastic hapace analog for the surface
foundations after replacing the spring stiffness and damping values with the
corresponding valigefor the embedded foundations.

The responsef a foundation undergoing coupled rocking and sliding vibrations
may similarly be calculated. However, some crosgpling stiffness and damping terms
appear in the analysis of embedded foundations according to the elastgpduzaf
method (Beredugo andllovak, 1972). The necessary equations for calculating the
stiffness, damping, natural frequencies and amplitude of vibrations are summarized in
Table5.

For a given size and geometry of the foundation, and the soil properties, the stiffness and
damping vales for an embedded foundation are much higher than those for a surface
foundation. The natural frequency of an embedded foundation will be higher and its
amplitude of vibration will be smaller compared to a foundation resting on the surface.
Increasing th depth of embedment may be a very effective way of reducing the vibration
amplitudes. The beneficial effects of embedment, however, depend on the quality of
contact between the embedded sides of the foundation and the soil. The quality of contact
betweerthe sides of the foundation and the soil depends upon the nature of the soil, the
method of soil placement and its compaction, and the temperature. Reduced values of soll
parameters should be used for the lketyil on tt
to develop between the foundation sides and the soil, especially near the ground surface.

Impedance Function Method

(Surface and Embedded Foundations)

The dynamic response of a foundation may be calculated by the impedance function
method. (Gazéas 1983, 1991a, b, Dobry and Gazettas 1985) This method is briefly
discussed here. The geometry of rigid massless foundation considered by Gazettas
(1991b) is shown in Figla for a surface foundation in Fi@d for an embedded
foundation. The response thiis foundation due to a sinusoidal excitation can be obtained
following theory of vibration after the appropriate dynamic impedance funcBans

for the frequencies of interest have been determined.

The dynamic impedance is a functiofithe foundation soil system and the nature
and the type of exciting loads and moments. For each particular case, of harmonic
excitation, the dynamic impedance is defined as the ratio between force (or moment) R
and the resulting steagyate displacemeérfor rotations) U at the centriod of the base of
the massless foundation. For example, the vertical impedance is defines by
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S, = R 4 = 44
U z . -
Inwhich R, 4 =R, expiot and is the harmonic vertical force; abld 4 =U, expiot
harmonic vertical displacement of the smlindation interface. The quantity, is the

total dynamic soil reaction against the foundation and includes normal traetmm the
base and frictional resistana®ngthe vertical sids o the foundation
The following impedances may similarly be define§; = lateral sliding or

swaying impedance (foredisplacement ratio), for horizontal motion in tjredirection;
S, = longitudinal swaying or slidg impedance (foredisplacement ratio), for horizontal

motionalong x-direction S, = rocking impedance (momendtation ratio), for rotational
motion about the centroidataxis of the foundation base.
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Tabled. Valuesof elastic halfspace and side layer pareeters for embedded foundations
(Beredugo and Novak 1972, Novak and Beredugo 1972, Novak and Sachs 1973

Elastic half-space Side layer
Modeof | Poi s s| Frequency Frequency
vibration ratio v independent Validity range| independent Validity range
constant constant
parameter parameter
Vertical 0.0 C,=3.90 O0O<a,<15| S =270 O0<a,<15
62 —350 | (for all values §2 - 6.7 (for all values
0.95 C,=5.20 ofv) (for all ofv)
C, =5.00 values otv)
C, =750
0.5 _
C,=6.80
Sliding 0 c_;xlz4_3o 0<a, <20 S, =360 0<a, <15
C, =270 S, =820
0.25 S,=400 | 0<a,<20
§X2 =910 0<a, <15
B _x2 —-1060 | 0<a,<15
0.5 C,=510 | 0<a,<20
C,, =043
Rocking 0 (_:¢1:2_5o 0<a, <10 §¢1:2_5o 0<a, <15
C,, =0.43 S,, =1.80
(for any
value ofv)
(')I'rorziv?lpnal Any value _Wl —-43 0<a,<20 S, =124 0<a,<20
yawing S, =102 |02s<a,<20
_z//2:07 §z//2_2'0 OSaOSZO
S,,=54 |02<a,<20
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Tables Computation of response of an embedaechdation by elastic hapace method

for coupledrocking andsliding Beredugo and Novak 1972)

ltem Equation

Stiffness in _ G . h-
sliding K. =G, Cwé‘— L

Stiffness in 2 2 2
. ~ (L) = Gi(hlz Gfh h L hL
rocking k@Gr‘f{Cm{EJ CwE(CJSm*E(EJXHsTg*E?
G

Cross B h N
coupling Kye = —GI, LCXIJF_S[r_][L_EJSXl

stiffness
Damping _ h G. -
constant in | C, =+ PGy (sz + (—] &Essxz
sliding fo JV P
Damping 2 2 2
constant in | ¢, =,/oGr,<C,, + L Cp+ D[R 2 S + h_2+L_2_h_I2_ Se
rocking r, r, .\ o G 3, reor,
Cross _ h G hi=
COUp“ng Cxaﬁe == ,OGI'OZ |:LCx2 + (_] L (35 [L - EJSX2:|
damping fo /Y P
Frequency | &,-mo} &,-M ol —kZ, =0
equation
Amplitude in 2 o2
sliding Ae = Px,/%
(damped) b1 T &
Amplitude in 2 p2
rocking A, =M, %
(damped) fLv&
Various , (M,
terms in a, = k¢e -M 0" - B kx¢e
equations for X
M
A<e and % azzlc@——yquﬁja)
P P
B =K —Mo® — =K, % :[Cxe_ X cxw]a)
M, M,

4 2 2 2
g =mM_o" - r{wkqje +M_ K, +CCre —Crpe @ + l<Lek¢e — kque _

"3
82 == T+]C¢e + M mcxe @ + dxekqﬁe + C¢ekxe - 2Cx¢ek><¢e @

The values of parameteﬁ_ixl,c_:x2 ) C_:¢1,C_:¢2, éxl, §x2’ §¢1, and §¢2 are given in Tabld.
L is the height of the centre of gravity above the base.
The horizontal forcer and the momeniVi yactat the centre of gravity the foundation.

The equations given in this table are used for coupled rocking and sliding of embedded foundations only.
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S, = rocking impedance (momenbtation ratio), for rotational motion about the short

centroidal axis (ypf the foundation basement; arf] = torsional impedance (moment

rotation ratio) for rotational oscillation about the vertical axis (z).
In case of an embeddeauindationshorizontal forces along principal axes induce

rotational (inaddibn t o transl ational) os«iolulpdtiin@ms ;

horizontatrocking impedances exi8, ,, andS, , . They are negligible for surface and

y—rx
shallow foundations, but their effects may become significant as depth of embedment
increases
Material andradiation damping are present in all modes of vibration. As a iesult
is generallyout of phase withJ. It has become traditional to introduce complex notation
and to express each of the impedances in the form

S=K +iac 45

in which bothK and C are finctionsof the frequency . The real componeri is the
dynamic stiffness, and reflects the stiffness and inertia of the supporting soil. Its
dependencen fregiency is attributed solely to the influence that frequency exerts on
inertia, since soil properties are practically frequency independent. The imaginary
componentepC, is the product of the (circular) frequency times the dashpot
coefficient, C. C is the radiation and material damping generated in the system (due to
energy carried by waves spreading away from the foundation and energy dissipated in the
soil by hysteric action, respectively).

Equation45 suggests thafior each mode of oscillation an analogy can be made
between the actual foundatisno i | system and the system
foundation, but is supported on a sprimgd dashpot with characteristic moduli equal
toK and C, respetively.

Gazettas (1991a, b) presented a set of tables and figures for determination of
dynamic stiffness and damping for various modes of vibration of a rigid foundation as
shown in Table$ and7 and Figs. 1 and 2.

Table6 andFig 11 contain the dynaristiffness(springs),K = K ® :for surface
foundations. Each stiffness is expressed as a product of the static stifnésses the
dynamic stiffness coefficieht=k & .

Ko =Kkeo 46

Table7 and Fig. 2 similarly give the information for an embedded foundation. Talles
and 7 and Figs.11 and 2 contain the radiatiordamping (dashpot) coefficients

c=C sz) Thesecoefficients do not include the soil hysteric dampihgro incorporate
such damping, one may simply add the corresponding material dashpot
constaanK.a) to the radiatiorC value.

47
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